As rifampicin can cause the induction and inhibition of multiple metabolizing enzymes and transporters, it has been challenging to accurately predict the complex drug-drug interactions (DDIs). We previously constructed a physiologically-based pharmacokinetic (PBPK) model of rifampicin accounting for the components for the induction of cytochrome P450 (CYP) 3A/CYP2C9 and the inhibition of organic anion transporting polypeptide 1B (OATP1B). This study aimed to expand and verify the PBPK model for rifampicin by incorporating additional components for the induction of OATP1B and CYP2C8 and the inhibition of multidrug resistance protein 2. The established PBPK model was capable of accurately predicting complex rifampicin-induced alterations in the profiles of glibenclamide, repaglinide, and coproporphyrin I (an endogenous biomarker of OATP1B activities) with various dosing regimens. Our comprehensive rifampicin PBPK model may enable quantitative prediction of DDIs across diverse potential victim drugs and endogenous biomarkers handled by multiple metabolizing enzymes and transporters.
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? ✔ For drug-drug interaction (DDI) risk assessment, rifampicin is frequently administered as a perpetrator drug. To enhance the prediction accuracy of DDI risk and the applicability under various conditions, it is important for the physiologically-based pharmacokinetic (PBPK) models of rifampicin to incorporate multifactorial mechanisms. WHAT QUESTION DID THIS STUDY ADDRESS? ✔ Can the applicability of the rifampicin PBPK model be enhanced by incorporating additional components for organic anion transporting polypeptide 1B (OATP1B)/ cytochrome P450 (CYP) 2C8 induction and multidrug resistance protein 2 inhibition? Can the established model predict complex interactions with victim drugs as well as the endogenous biomarker coproporphyrin I (CP-I) under diverse conditions? WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE? ✔ Our model improved the prediction accuracy for glibenclamide, repaglinide, and CP-I (particularly by incorporating OATP1B induction). Our results are consistent with growing clinical evidence of OATP1B induction by repeated rifampicin dosing. HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/OR THERAPEUTICS? ✔ This expanded rifampicin PBPK model may offer versatility for diverse victim drugs and endogenous biomarkers handled by multiple metabolizing enzymes and transporters. The incorporation of OATP1B induction may change the current practice of assessing DDI risk for OATP1B substrates.
Rifampicin PBPK Model to Predict Complex DDIs
Asaumi et al.
a PBPK model of rifampicin that quantitatively predicted the complex DDIs with glibenclamide mediated by the induction of cytochrome P450 (CYP)3A/2C9 and the inhibition of hepatic organic anion transporting polypeptide 1B (OATP1B). 5 Recent clinical reports suggest that the pharmacokinetics of statins (substrates of OATP1B) can be altered by rifampicin via not only the inhibition but also the induction of OATP1B. 6 For example, a single oral dose of 600 mg rifampicin significantly increased the area under the plasma concentration-time curve (AUC) of pitavastatin (AUC ratios (AUCRs) of 5.7 and 6.4), 7, 8 rosuvastatin (AUCR of 4.4), 7 and pravastatin (AUCRs of 2.3 and 4.6), 9, 10 which has been attributed to the inhibition of OATP1B by rifampicin. Meanwhile, multiple doses of rifampicin reduced the AUC of OATP1B substrates. When 2-600 mg rifampicin was given orally, AUC of pravastatin, which was given 12 hours after the last rifampicin dose, decreased in a rifampicin dose-dependent manner. 6 Similarly, the AUCR of pravastatin was also 0.69 with multiple doses of rifampicin. 11 Hence, the effect of multiple doses of rifampicin on the AUC of OATP1B substrates can be complex of opposing effects: OATP1B induction and competitive inhibition. Indeed, the AUC of pitavastatin and coproporphyrin I (CP-I; a substrate of OATP1B and a selective and sensitive clinical endogenous biomarker of OATP1B activities [12] [13] [14] were increased following simultaneous rifampicin administration, but to a lesser extent after multiple doses than a single oral dose. 7, 8, 14, 15 Overall, these clinical findings indicate that the induction of OATP1B by repeated rifampicin dosing may have a clinically significant impact on DDIs. Regarding the induction of CYP isoforms, CYP2C8 is induced by rifampicin as well as CYP3A and CYP2C9. Repeated oral dosing of 600 mg rifampicin significantly decreased the AUC of probe substrates for CYP2C8: pioglitazone (AUCR of 0.46) 16 and rosiglitazone (AUCRs of 0.35 and 0.46). 17, 18 With an increasing number of drugs identified to be substrates of OATP1B and CYP isoforms, it has become necessary to expand the applicability of our previously constructed PBPK model of rifampicin, which included its saturable hepatic uptake and autoinduction as well as the effects of CYP3A/ CYP2C9 induction and OATP1B inhibition. By incorporating additional components for the induction of OATP1B and CYP2C8, the prediction accuracy of DDIs may be improved for a variety of victim drugs. In the cases of glibenclamide (a substrate of OATP1B, CYP2C9, and CYP3A) and repaglinide (a substrate of OATP1B, CYP2C8, and CYP3A), a single dose of 600 mg rifampicin resulted in the AUCRs of 2.3 (glibenclamide) 19 and 1.9 and 2.8 (repaglinide). 20, 21 In contrast, repeated dosing of 600 mg rifampicin resulted in the AUCRs of 0.37 and 0.78 (glibenclamide) 19 and 0.2-0.68 (repaglinide) [22] [23] [24] These data suggest that the dosing schedules/intervals of rifampicin are important in determining the magnitude of DDIs with the substrates of OATP1B and CYP isoforms.
In this study, we aimed to establish a further expanded PBPK model of rifampicin that can predict transporter-mediated and CYP-mediated DDIs. Additional components of rifampicin for the induction of OATP1B/CYP2C8 and the inhibition of multidrug resistance protein 2 (MRP2) were incorporated into our previous PBPK model, which included the induction of CYP3A/CYP2C9 and the inhibition of OATP1B. 5 The induction parameters of rifampicin for OATP1B and CYP2C8 were obtained by fitting to clinical DDI the data of probe substrates for OATP1B (pravastatin) and CYP2C8 (pioglitazone), respectively. Thereafter, our unified PBPK model of rifampicin was verified by predicting complex interactions with glibenclamide, repaglinide, and CP-I with various dosing regimens of rifampicin. By the mutual verification processes proposed previously, 25, 26 the performance of our expanded PBPK model was evaluated.
METHODS
Structures and parameters of PBPK models All nomenclature and differential equations are shown in the Supplementary Text. The structures and pharmacokinetic parameters of the PBPK models developed for rifampicin, 5 pravastatin, 27 glibenclamide, 5 repaglinide, 28 and CP-I 29 were based on previous reports and are summarized in Figure 1 and Table 1 . The PBPK model of pioglitazone was constructed according to the previous report ( Figure 1 and Table 1 ). 27 Physiological parameters are shown in Table S1 .
All PBPK models included the compartments for muscle, skin, and adipose and liver, which were divided into five compartments sequentially connected by hepatic blood flow (five-liver model) to mimic the dispersion model. 30 Absorption was described by a segregated flow model for rifampicin and a first-order model for other drugs. 31 For the intestinal metabolism of glibenclamide, a Q gut model was used with the consideration of CYP3A-mediated intestinal DDI (Supplementary Text). 32 Enterohepatic circulation was included for pravastatin, repaglinide, and CP-I by incorporating three transit compartments between compartments for the hepatocytes and the gut lumen. For CP-I, its biosynthesis was incorporated in the liver. For the OATP1B substrates, the hepatic uptake process was represented by subdividing each liver compartment into extrahepatic and hepatocellular compartments. In this case, the overall hepatic intrinsic clearance (CL int,all ) and β are described using Eqs. 1 and 2, respectively, according to the extended clearance concept. 30 CL int,all and the four hybrid parameters of R dif (= influx intrinsic clearance by passive diffusion on sinusoidal membrane (PS dif,inf )/active uptake intrinsic clearance on sinusoidal membrane (PS act,inf )), β, γ (= PS dif,inf /efflux intrinsic clearance by passive diffusion on sinusoidal membrane (PS dif,eff )), and f bile (= intrinsic clearance of biliary excretion (CL int,bile )/(intrinsic clearance of hepatic metabolism (CL int,met ) + CL int,bile )) were employed in calculating the values of each intrinsic clearance (PS act,inf , PS dif,inf , PS dif,eff , CL int,met , and CL int,bile ). The β value ranging from 0-1 can be informative when evaluating the rate-limiting steps of CL int,all . When the sum of CL int,met and CL int,bile is much greater than PS dif,eff (β close to 1), CL int,all can be approximated as the hepatic uptake being the rate-limiting step of CL int,all (PS inf . Because it is difficult to accurately determine the β value experimentally, sensitivity analyses were performed using the β values representing the following three different cases for pravastatin, glibenclamide, repaglinide, and CP-I: small (0.2), moderate (0.5), and large (0.8).
Optimization of induction parameters of rifampicin for OATP1B and CYP2C8
For all analyses, Numeric Analysis Program for Pharmacokinetics (version 2.31) was used. 33 The model codes used in this study are shown in Supplementary Model Code.
Nonlinear least-squares fitting was conducted with the weight for the optimization set as the square root of the value to deal with a wide range of blood concentrations of drugs. Dosing regimens were matched to the published study designs. Stepwise optimization was applied to estimate the induction parameter of rifampicin for OATP1B, similar to our previous report. 5 Briefly, pravastatin parameters (absorption rate constant, lag time in intestinal absorption, common scaling factor to in silico tissue/blood concentration ratio values in each tissue, transit rate constant in enterohepatic circulation, and f B CL int,all (= unbound fraction in blood (f B ) × CL int,all )) were first estimated using the blood pravastatin concentration-time profile after a single oral dose of pravastatin (i.e., control condition). 6 Thereafter, simultaneous optimization for the maximum induction effect (E max ) of rifampicin for OATP1B was conducted using four blood pravastatin profiles after repeated oral dosing of rifampicin (2-600 mg, once daily for 10 days; i.e., DDI condition). 6 In the clinical study, pravastatin was administered 12 hours after the last dose of the repeated rifampicin dosing, and the inhibitory effects of rifampicin for the OATP1B-mediated uptake and MRP2mediated biliary excretion of pravastatin were incorporated using the reported unbound inhibition constant (K i,u ) values of rifampicin for OATP1B (0.19 μM) 27 and MRP2 (0.87 μM). 29 In the simultaneous optimization, rifampicin and pravastatin parameters except for rifampicin E max were fixed as shown in Table 1 and Table S2 . The unbound concentration for the half maximum induction effect (EC 50,u ) of rifampicin for OATP1B was set to be equal to that for CYP3A (0.0639 μM), 5 assuming that pregnane X receptor is involved as a key mediator for the induction of both OATP1B and CYP3A (i.e., EC 50,u values reflecting the binding affinity of rifampicin to the pregnane X receptor may be similar for OATP1B and CYP3A). 6 The E max value of rifampicin for CYP2C8 was estimated via similar stepwise optimization using the blood pioglitazone concentration-time profiles before and after rifampicin treatment. 16 The induction process of rifampicin for OATP1B and CYP2C8 was described using a turnover model (Supplementary Text). 34 For OATP1B induction and 
Physiologically-based pharmacokinetic model parameters of rifampicin, 5 pravastatin, 27 glibenclamide, 5 repaglinide, 28 and coproporphyrin I 29 were mostly adapted from the previous reports. Several parameters were also used. Rifampicin parameters: inhibition by rifampicin, the changes in PS act,inf of pravastatin were described by Eq. 3.
PS act,inf,DDI and PS act,inf,control represent the PS act,inf under rifampicin treatment and the control condition, respectively. The unbound fraction of rifampicin in blood, the concentration of rifampicin in the extrahepatic space, and the fractional OATP1B-mediated uptake to the overall active uptake are represented by f B,RIF , [C] HE,RIF , and f OATP1B , respectively. The f OATP1B value of pravastatin was assumed to be unity. The E ratio represents the ratio of the enzyme amount under rifampicin treatment to the control condition.
For MRP2 inhibition by rifampicin, the changes in CL int,bile of pravastatin were modeled by Eq. 4: where f H,RIF and [C] H,RIF represent the unbound fraction and concentrations of rifampicin in hepatocytes, respectively.
For CYP2C8 induction by rifampicin, the changes in CL int,met of pioglitazone were described by Eq. 5. CL int,met,DDI and CL int,met,control represent the CL int,met under rifampicin treatment and the control condition, respectively. The f m,CYP2C8 and f m,CYP3A represent fractional CYP2C8-mediated and CYP3A-mediated metabolism to CL int,met,control .
Prediction of relative activities of transporters and CYP isoforms during rifampicin treatment and complex interactions with victim drugs or endogenous biomarker
During repeated oral dosing of 600 mg rifampicin, the relative activities of OATP1B, MRP2, CYP3A, CYP2C8, and CYP2C9 were predicted using all the rifampicin parameters.
To verify the PBPK model of rifampicin, the following four different cases of DDIs with the victims were predicted: (i) pravastatin (a substrate of OATP1B/MRP2), (ii) glibenclamide (a substrate of OATP1B/CYP2C9/CYP3A), (iii) repaglinide (a substrate of OATP1B/CYP2C8/CYP3A), and (iv) CP-I (a substrate of OATP1B/MRP2). The predicted results were expressed as the AUCR and concentration-time profiles for the victims following the prediction in the presence and absence of rifampicin coadministration and then compared with the observed corresponding values (mean ± standard deviation) unless noted otherwise. As acceptance criteria, a twofold predictive measure and the geometric mean fold error (GMFE; Eq. 6) were used.
The contribution of individual DDI components of rifampicin to the predicted interactions was also investigated.
To accurately capture the OATP1B inhibition effect by rifampicin, in vivo inhibition constant (K i ) values were used for OATP1B-mediated uptake of pravastatin (0.19 μM) 27 and CP-I (~0.1 μM). 29 In addition, the in vivo K i values of rifampicin for OATP1B-mediated uptake of glibenclamide (0.13 μM (= 0.44 × 0.19/0.65)) and repaglinide (0.17 μM (= 0.60 × 0.19/0.65)) were calculated considering substrate-dependent differences according to the recent report. 29 Specifically, the in vitro K i values for the uptake of glibenclamide (0.44 μM) 35 and repaglinide (0.60 μM) 35 were corrected with the in vivo K i (0.19 μM) 27 and in vitro K i (0.65 μM) 35 values for that of pravastatin (used as a reference compound). The changes in PS act,inf of the OATP1B substrates were modeled by Eq. 3 and their f OATP1B values were set to be unity. The changes in CL int,bile of CP-I and CL int,met of glibenclamide and repaglinide were modeled by Eqs. 4 and 5, respectively. Regarding CL int,met of glibenclamide, the f m and E ratio values for CYP2C8 were replaced to the corresponding values for CYP2C9.
RESULTS

Optimization of induction parameters of rifampicin for OATP1B and CYP2C8
Several parameters of pravastatin and pioglitazone were first estimated using the respective observed blood concentration-time profiles under the control condition (Table S2) . Subsequently, the E max values of rifampicin were estimated to be 2.3 for OATP1B and 2.55 for CYP2C8 using the observed blood profiles of pravastatin and pioglitazone after the repeated oral dosing of rifampicin (Figure 2a,b and Table S2 ). 6, 16 Prediction of relative activities of transporters and CYP isoforms during rifampicin treatment Using the parameters of rifampicin for OATP1B/CYP3A/ CYP2C8/CYP2C9 induction and OATP1B/MRP2 inhibition, the relative activity profiles of the transporters and CYP isoforms were predicted during repeated oral dosing of 600 mg rifampicin (Figure 2c,d) . The OATP1B activities were affected by both induction and inhibition effects of rifampicin. At steady state following the repeated dosing of rifampicin, the OATP1B activities increased to 240%. On the administration of the next rifampicin dose, the OATP1B activities decreased to 34% before they increased to 180% at 12 hours postdosing. In the absence of an induction effect, a single dose of 600 mg rifampicin decreased the OATP1B activities to 14% at the trough and 68% at 12 hours postdosing because of the inhibition of OATP1B. The MRP2 activities decreased to 40% at the trough and to 75% at 12 hours postdosing when considering the inhibition effects. The relative increase was greater for the activity of hepatic CYP3A (400%) than those of CYP2C8 (270%) and CYP2C9 (230%).
Prediction of complex interactions with victim drugs or endogenous biomarker Case 1: pravastatin. The clinical DDI data were from two independent reports that investigated the impact of a single rifampicin dose (600 mg) on the pharmacokinetics of pravastatin (20 mg or 33 μg) 9,10 As shown in Figure 3a ,b, the PBPK model incorporated the components for induction of OATP1B and the inhibition of OATP1B/MRP2 by rifampicin, and the predicted AUCRs of pravastatin were within twofold of the observed AUCRs. 9, 10 In addition, the estimated AUCRs of pravastatin after the repeated oral dosing of 2, 10, 75, and 600 mg rifampicin decreased in a rifampicin dose-dependent manner and are mostly similar to the observed AUCRs (Figure 3c ). 6 Overall, our PBPK model of rifampicin reasonably captured the observed AUCRs and blood profiles of pravastatin regardless of the β values (in all cases satisfying within twofold criteria and GMFE of 1.22-1.24; Figure S1 and Table S3 ).
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Case 2: glibenclamide. The clinical DDI data were from the report that investigated the impact of single or repeated dosing of rifampicin on the pharmacokinetics of glibenclamide. 19 Our PBPK model incorporated the components for induction of OATP1B/CYP2C9/CYP3A and the inhibition of OATP1B by rifampicin (Figure 4a,b , filled symbols). Following the coadministration of oral glibenclamide and a single intravenous dose of 600 mg rifampicin, the predicted AUCRs (2.35-2.54) of glibenclamide were in agreement with the observed AUCR (2.18 ± 1.09) Figure 2 Optimized and observed blood concentration-time profiles of pravastatin and pioglitazone before and after repeated oral dosing of rifampicin and relative activities of OATP1B, MRP2, and CYP isoforms in the liver or intestine during rifampicin treatment.
(a,b) Solid lines and closed circles represent optimized and observed blood concentration-time profiles, respectively. (a) Blood pravastatin profiles after a single oral dose of 20 mg pravastatin before (black) and after repeated oral dosing of 2 mg (blue), 10 mg (green), 75 mg (orange), and 600 mg (red) rifampicin once daily for 10 days. 6 (b) Blood pioglitazone profiles after a single oral dose of 30 mg pioglitazone before (black) and after (red) repeated oral dosing of 600 mg rifampicin once daily for 6 days. 16 Observed blood concentrations were shown as mean ± SD. Table 1 and Table S2 . The ratios of each intrinsic clearance (PS act,inf , PS dif,inf , PS dif,eff , and CL int,met+bile ) are indicated in the figure. (b and c) Predicted, optimized, and observed AUCRs of pravastatin under rifampicin treatment (dosing regimens of rifampicin and pravastatin are indicated at the bottom). The closed circles represent the observed AUCRs of pravastatin shown as mean ± standard deviation (b) 9,10 or mean (90% confidence interval) (c). 6 Predictions or optimizations were performed using three β values and the results are shown in either closed or open symbols of different shapes (squares, diamonds, and triangles for the β values of 0.2, 0.5, and 0.8, respectively). (b) both boxes: pravastatin was orally dosed simultaneously with a single oral dose of rifampicin. (c) all boxes: pravastatin was dosed 12 hours after the last dose of repeated oral dosing of 2, 10, 75, and 600 mg rifampicin once daily for 10 days. The optimized AUCRs were calculated from Figure 2a . AUCR, area under the plasma concentration-time curve ratio; CL int,all , overall hepatic intrinsic clearance; CL int,met+bile , sum of intrinsic clearance of hepatic metabolism (CL int,met ) and biliary excretion (CL int,bile ); CL renal , renal clearance; F a , fraction of dose absorbed from gut lumen; f B , unbound fraction in blood; f bile = CL int,bile /(CL int,bile +CL int,met ); F g , fraction available after intestinal metabolism; MRP2, multidrug resistance protein 2; OATP1B, organic anion transporting polypeptide 1B; PRV, pravastatin; PO, oral dose; PS act,inf , active uptake intrinsic clearance on sinusoidal membrane; PS dif,eff , efflux intrinsic clearance by passive diffusion on sinusoidal membrane; PS dif,inf , influx intrinsic clearance by passive diffusion on sinusoidal membrane; RIF, rifampicin. regardless of the β values of glibenclamide (Figure 4b , left box, filled symbols). 19 In the case in which oral rifampicin (600 mg) was administered once daily for 6 days followed by an oral dose of glibenclamide in the presence of a single intravenous dose of 600 mg rifampicin on day 7, the predicted AUCRs of glibenclamide were 0.70, 0.91, and 1.10 with the β values of 0.2, 0.5, and 0.8, respectively, compared with the observed AUCR of 0.72 ± 0.32 (Figure 4b , middle box, filled symbols). 19 Administering 600 mg rifampicin for 7 days followed by an oral dose of glibenclamide on day 9 (48 hours after the last rifampicin dosing), the predicted AUCRs of glibenclamide were 0.28, 0.36, and 0.44 with the β values of 0.2, 0.5, and 0.8, respectively, compared with the observed AUCR of 0.35 ± 0.19 (Figure 4b , right box, filled symbols). 19 In all three dosing regimens, all predicted AUCRs were within twofold of the observed AUCR, and the lower β value (0.2 and 0.5) of glibenclamide gave the higher prediction accuracy (GMFE 1.12 and 1.14, respectively) compared with the β value of 0.8 (GMFE 1.31; Table S3 ).
In addition, the prediction accuracy of DDI was greatly reduced when the component for OATP1B induction was omitted (Figure 4b , orange-colored symbols, table in the inset).
Case 3: repaglinide. The clinical DDI data were from the reports that investigated the impact of single or repeated dosing of rifampicin on the pharmacokinetics of repaglinide. [20] [21] [22] [23] [24] Our PBPK model incorporated the components for induction of OATP1B/CYP2C8/CYP3A and inhibition of OATP1B by rifampicin (Figure 5a ,b, filled symbols). The parameters of repaglinide were first estimated using the blood repaglinide concentrationtime profiles under control condition (Table S2) . When repaglinide was orally administered simultaneously with a single oral dose of 600 mg rifampicin, the predicted AUCRs (2.35-2.54) of repaglinide were within twofold of the observed AUCRs (1.92 ± 1.09 and 2.60 ± 1.49) 20, 21 regardless of the β values of repaglinide (Figure 5b , left two boxes, filled symbols). In the case of repeated oral dosing of 600 mg rifampicin followed by an oral repaglinide dose simultaneously or 1-24 hours after the last rifampicin dose, the predicted AUCRs of repaglinide are shown in Figure 5b (right four boxes, filled symbols). In all six dosing regimens, the prediction accuracy of AUCRs was best with the β value of 0.5 (67%, 100%, and 67% cases satisfying within twofold criteria and GMFEs of 1.50, 1.41, and 1.50 for the β values of 0.2, 0.5, and 0.8, respectively; Figure S2 and Table S3 ). In the cases of repeated rifampicin dosing, the prediction accuracy of DDIs was greatly reduced when the component for OATP1B induction was omitted (Figure 5b , orangecolored symbols, table in the inset).
Case 4: CP-I. Three recent reports provided the clinical data on the blood CP-I concentration-time profiles impacted by single or repeated oral dosing of rifampicin. [12] [13] [14] Our PBPK model incorporated the components for induction of OATP1B and inhibition of OATP1B/MRP2 by rifampicin ( Figure 6a) . The predicted blood profiles after a single oral dose of 300 and 600 mg rifampicin reasonably captured the observed profiles by Takehara et al. 12 regardless of the β values of CP-I (Figure 6b ). Our PBPK model and the obtained parameters from the analysis of Takehara et al. were used to predict blood profiles of CP-I from the other two reports. 13, 14 The predicted profiles of CP-I after a single oral dose of 600 mg rifampicin displayed a slight underestimation of the observed profiles by Lai et al. 13 ( Figure 6c) . When compared with the other two reports, 12, 13 Table 1 and Table S2 . The ratios of each intrinsic clearance (PS act,inf , PS dif,inf , PS dif,eff , and CL int,met+bile ) are indicated in the figure. (b) Observed and predicted AUCRs of repaglinide under rifampicin treatment (dosing regimens of rifampicin and repaglinide are indicated at the bottom). The observed AUCRs of repaglinide are shown in closed circles (mean ± standard deviation or mean (90% confidence interval, fourth box from the left). Predictions were performed using three β values, and the results are shown in either open or closed symbols of different shapes (squares, diamonds, and triangles for the β values of 0.2, 0.5, and 0.8, respectively). The prediction results were also obtained using the PBPK models that omitted a single component (detailed in the inset table; shown in different colors). First and second boxes: repaglinide was orally dosed with a single oral dose of 600 mg rifampicin. 20, 21 Third, fourth, fifth, and sixth boxes: repaglinide was orally dosed simultaneously or 1-24 hours after the last dose of repeated oral dosing of 600 mg rifampicin once daily for 5 or 7 days. 22 (Figure 6d) .
The differing blood profiles of CP-I between the single and repeated oral dosing of rifampicin were better captured by incorporating the component for OATP1B induction than by omitting it (Figure 6d , solid lines vs. dotted lines). In all five dosing regimens, our PBPK model of rifampicin overall captured the blood profiles and AUCRs of CP-I regardless of the β values (in all cases satisfying within twofold criteria and GMFE of 1.28; Table S3 ).
DISCUSSION
With our growing understanding that rifampicin can cause DDIs via multiple molecular mechanisms, it is imperative to incorporate such complexity in the PBPK modeling of rifampicin and accurately predict the risk for DDIs. In this study, we incorporated the OATP1B/CYP2C8 induction and MRP2 inhibition effects of rifampicin into our previous PBPK model, which included CYP3A/CYP2C9 induction and OATP1B inhibition. Our unified PBPK model of rifampicin was then verified by predicting complex interactions with glibenclamide, repaglinide, and CP-I. Taking the dosing schedule into consideration, the impact of multiple rifampicin dosing on the systemic exposure of pravastatin could be explained by the net effect of induction and inhibition on hepatic uptake (OATP1B; Figure 2a ). From the data analysis of single rifampicin dosing, the effect of OATP1B inhibition can be distinguished from the net effect. The E max value for OATP1B can be reliably estimated by using blood pravastatin profiles, where pravastatin was given 12 hours after the repeated oral dosing of rifampicin (2-600 mg). The simultaneous optimization for the set of pravastatin profiles can provide confidence for the obtained E max value compared to optimization for limited data.
Our PBPK model predicted the oscillation of the OATP1B activities during multiple rifampicin doses (Figure 2c) . The predicted oscillation will be supported by a positron emission tomography imaging study, which allows the direct determination of hepatic uptake clearance, or by a pharmacokinetic study with a changing dosing interval. Similarly, it would be also important to validate the degradation rate constant of OATP1B, which was assumed to be equal to that of CYP3A (0.0158/hour) in this study. Varying the degradation rate constant value of OATP1B within a twofold range did not affect the estimated E max value significantly (0.96-fold to 1.16-fold).
The effects of multiple rifampicin dosing on CYP isoforms were initially assessed using the probe substrates that unlikely rely on OATP1B for their hepatic uptake. Our PBPK model successfully accounted for the multiple dose effects of rifampicin on CYP3A and CYP2C9 previously 5 and CYP2C8 in this study (Figure 2b) . Reliability of the optimized parameter for CYP2C8 induction was supported by the similar extent of changes for CYP2C8 activities (2.7fold increase) estimated using pioglitazone as a victim drug and for hepatic intrinsic clearance of rosiglitazone (2.1-fold and 2.8-fold increase), another CYP2C8 probe (Table S4) .
By integrating the inhibition of OATP1B and induction for OATP1B/CYP3A/CYP2C9/CYP2C8, the PBPK model of rifampicin was versatile in quantitatively predicting the magnitude of DDIs with varying dosing schedules and intervals between OATP1B substrates (glibenclamide and repaglinide) and rifampicin. The prediction accuracy with the β values of 0.2-0.5 of glibenclamide and repaglinide was higher than that of 0.8, suggesting that the CYP-mediated metabolism significantly contributes to the intrinsic hepatic clearance (Figures 4b and 5b , Table S3 ). Our analysis using the rifampicin PBPK model provides mechanistic insights into the complex interplay between in vivo induction and inhibition and their impact on DDI magnitudes, particularly when the effect of rifampicin on OATP1B expression remains uncertain in vitro because of experimental variability and an inability to capture dynamic changes with increasing rifampicin concentrations. [36] [37] [38] In addressing the OATP1B-mediated and CYP-mediated DDIs, the β value of a victim drug is a key parameter. However, it remains challenging to estimate the β value using DDI data with a single rifampicin dose. 27 Indeed, all three β values could account for the DDIs between rifampicin (single dose) and pravastatin (Figure 3b) , glibenclamide (Figure 4b , left box), or repaglinide (Figure 5b , left two boxes). We recommend using small β values for conservative predictions until the repeated dose effects of rifampicin or other inducers on the victims and reference probes are available for PBPK model analysis as illustrated for repaglinide and glibenclamide (Figures 4b and 5b ).
For the interactions between CP-I and rifampicin, the predicted blood profiles of CP-I were overall close to the observed data (Figure 6b-d) . Notably, the predicted CP-I profiles after repeated rifampicin dosing were in good agreement with the observed ones when incorporating the OATP1B induction effect of rifampicin (Figure 6d ). However, further investigations may be necessary to account for the delayed changes in the observed CP-I profiles and slight discrepancies from the predicted and observed CP-I profiles (Figure 6c,d) . The β values had a minimal impact on the prediction accuracy of CP-I profiles, and possible reasons include (i) the relative reduction in MRP2 activities was less than that in OATP1B during rifampicin treatment ( Figure 2c ) and (ii) the reduction of CL int,bile has a larger impact on the liver compared to the blood exposure. 30 For rifampicin, the in vitro K i values of rifampicin were reported to be 18.5 μM for CYP3A and 30.2 μM for CYP2C8. 39 A clinical report, however, indicated no statistically significant differences in midazolam AUCRs by simultaneous or staggered administration of rifampicin (600 mg, daily for 14 days), 40 suggesting a minimal inhibition of CYP3A by rifampicin in vivo. Regarding the in vivo inhibition of CYP2C8 by rifampicin, there is no clinical report available. Given that the reported K i value of rifampicin for CYP2C8 was comparable with that for CYP3A, the CYP2C8 inhibition effect is expectedly negligible in vivo. More improvement on the absorption model of rifampicin and the victims may be needed to evaluate intestinal transporter-enzyme interplay precisely considering the regional expression levels of CYP3A and P-glycoprotein in the future. 41 Differential equations for all of the PBPK models in this study are provided in the Supplementary Text. It would be valuable to propagate our models to a larger mass of users by transferring them to alternative PBPK modeling platforms, such as Simcyp (Certara, Sheffield, UK) or GastroPlus (Simulations Plus, Inc., Lancaster, CA, USA).
In conclusion, the present study established a comprehensive PBPK model of rifampicin that can predict complex DDIs via the induction of OATP1B/CYP3A/CYP2C8/CYP2C9 and the inhibition of OATP1B/MRP2. Using our expanded PBPK model of rifampicin, the observed interactions with glibenclamide, repaglinide, and CP-I were well predicted. These findings demonstrate the utility of our rifampicin PBPK model and provide valuable insights for complex interactions with various victim drugs and endogenous biomarkers handled by multiple metabolizing enzymes and transporters.
Supporting Information. Supplementary information accompanies this paper on the CPT: Pharmacometrics & Systems Pharmacology website (www.psp-journal.com). Table S1 . Physiological parameters of physiologically-based pharmacokinetic (PBPK) models. Table S2 . Optimized parameters of pioglitazone, pravastatin, and repaglinide. Table S3 . Predicted and observed AUC ratios of pravastatin, glibenclamide, repaglinide, and coproporphyrin I with various dosing regimens of rifampicin. Table S4 . CYP2C8 induction ratios after rifampicin treatment. Figure S1 . Predicted and observed blood concentration-time profiles of pravastatin and glibenclamide with various dosing regimens of rifampicin. Figure S2 . Predicted and observed blood concentration-time profiles of repaglinide with various dosing regimens of rifampicin.
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